The speed-reducing effect of speed humps during darkness is important to ensure a consistent speed reduction and a decreased probability of accidents during darkness. This study examined the effects of speed humps, compared with a control location, on a residential road in Sweden with light-emitting diode (LED) street lighting and a 30 km/h posted speed limit. Hypotheses tested were that: (I) vehicle speed is higher during daylight than in darkness; (II) speed at speed humps is lower than at control locations during both daylight and darkness; (III) speed at humps is higher during daylight; (IV) vehicle speed at humps is lower when luminance or visibility of the humps is greater; and, (V) the road environment of speed humps is perceived as being similar by drivers. The results showed that vehicle speed at the control location was negligibly higher (+0.3 km/h) during daylight than in darkness. Speed humps reduced driving speed by 20% when compared with the posted speed limit and the effect was not significantly different between daylight and darkness. Speed reduction for the three speed humps varied between 9% and 29% as compared with the posted speed limit. In this study, the LED road lighting that was placed directly above or in front of the hump achieved the highest luminance. This study could not reveal any significant differences in vehicle speed attributable to light conditions per se.
Introduction
Since the establishment of the new safety paradigm (Vision Zero) in Sweden in 1997, traffic safety policy has focused on road redesign, lower vehicle speed, and managing the kinetic energy from collisions in such a way that fatalities and serious injuries are zero (e.g., [1] ). Consequently, much effort has been devoted to increasing safety for all of the categories of road users. One of the main factors is reducing vehicle speed, especially in potential conflict areas between vehicles and vulnerable road users (i.e., pedestrians, cyclists, joggers). Pedestrian mortality increases dramatically between a vehicle speed of 30 km/h, where most pedestrians survive, and 50 km/h, where most pedestrians are killed [1] [2] [3] . As a general rule, vulnerable road users should therefore not be exposed to vehicular traffic driving at speeds exceeding 30 km/h. In Sweden, roads with vulnerable road users consequently have a maximum speed limit of 30 km/h and commonly include additional speed-reducing designs, for example, narrow lanes, speed humps, or speed bumps to further reduce vehicle speeds to below 30 km/h. Speed humps function as passive traffic-calming devices and they consist of less abrupt and longer (4000-8000 mm) raised road areas than speed bumps (e.g., [4] ). Speed bumps are shorter (600-1200 mm) and have a circular or parabolic shape, whereas speed humps may have a variety of shapes [4] . Both types have approximately the same height and are constructed across the street to reduce vehicle speed. Speed humps are deployed on residential and local streets and in midblock areas and generally reduce speed by an average of 20-25%, but the actual speed reduction depends on many factors, such as hump height and spacing [5] [6] [7] , and may vary between sites [8] . For example, speed humps have been shown to reduce speed by 43-63% on residential roads with a posted speed limit of 40 km/h [5] and to have varying effects, from reducing speed by 39% to increasing speed by 4%, on roads with various posted speed limits [8] . The speed-reducing effects of speed humps and bumps have been thoroughly studied and modelled in previous research (e.g., [4, [9] [10] [11] [12] ). Speed humps have also been proven to be effective in reducing the number of collisions between motor vehicles and pedestrians, especially children [13, 14] .
Despite being of great importance in reducing collisions, the speed-reducing effects of speed humps during the hours of darkness are more or less unknown since aspects of light has not been included in previous studies. In many countries, especially those that are situated at higher latitudes, such as in Scandinavia, there are very few daylight hours during autumn, winter, and early spring. Therefore, during these seasons the rush hour traffic occurs in darkness and this may indirect cause higher risk of accidents due to higher traffic density during darkness. The speed-reducing effect of speed humps during darkness is therefore important to investigate thoroughly to ensure there is a consistent speed reduction effect and a decreased probability of accidents all year around.
Consequently, the aims of this study were to investigate the speed-reducing effects during daylight and in darkness, of three speed humps in different road lighting conditions, when compared with the driving speed at a control location (a road section similar in design, but without speed humps). The comparison with a control location was essential since there is a lack of studies on normal speed responses comparing daylight and darkness responses during similar conditions as this study, i.e., residential areas.
The risk of road accidents increases significantly with darkness [15] [16] [17] [18] . In particular, the risk of pedestrian fatalities has been shown to increase by about seven-fold with darkness [19] . Thus, installing and maintaining adequate road lighting may decrease the number of fatal accidents, as well as accidents involving injuries (see e.g., [20, 21] ). Comparisons of vehicle speed between daylight and darkness conditions show mixed outcomes, for example, higher speeds in daylight [22, 23] , lower in daylight [24] , or no difference [25] . In an intervention study, road lighting was shown to increase vehicle speed by approximately 3% as compared with unlit sections and by 5% compared with control sections [23] . Bassani and Mutani [24] also found that driving speeds were significantly influenced by illuminating the road. However, a study of almost 60 million vehicle passes at 25 locations investigated vehicle speed between daylight, twilight, and darkness, with and without road lighting, and did not reveal any significant differences in speed attributable to light conditions [26] . Despite the well-established fact that darkness reduces traffic safety, especially for pedestrians and children, very few studies have investigated vehicle speed responses under various light conditions, and even fewer have investigated the effects of traffic calming measures, such as speed responses under such various light conditions. Yet, road lighting is very common on roads with speed-reducing measures and is used for traffic safety purposes as well as for human perception of social and safety aspects. Light-emitting diodes (LED) are a new light source already being widely applied in road lighting on residential, local streets, and pedestrian and bicycle lanes (e.g., [27, 28] ). However, due to their higher luminance and smaller size, there are serious concerns about glare when using LEDs in road lighting (e.g., [29] ). Discomfort glare increases the contrast and makes it more difficult to see the (dark) background from the line of sight, resulting in lower visibility for drivers. Thus, when designing LED road lighting in combination with speed-reducing measures, it is important to ensure that the measures are fully visible. It could be argued that road lights should be situated directly above or in front of speed humps to give maximum illumination of the raised hump surface, but the light conditions will also vary depending on road light height and distance. Consequently, while speed-reducing measures may reduce the risk of accidents, it is not known whether the speed-reducing effect in residential areas is significantly affected by daylight, darkness, or artificial light conditions, such as LED road lighting.
Additionally, the speed-reducing effects of speed humps may also be modified by several other factors, such as visibility or how drivers experience the road environment. Therefore, in this study, the road environment of the humps was evaluated by measuring the luminance and by performing a separate Semantic Environmental Description (SED) analysis. SED is a tool based on semantic differentials for examining how a person experiences a certain environment in terms of eight dimensions: perceived pleasantness, complexity, unity, enclosedness, potency, affection, originality, and social status [30] .
The following hypotheses were tested:
(I) Vehicle speed is higher during daylight than in darkness.
(II) Vehicle speed at speed humps is lower than at control locations during both daylight and darkness. (III) Speed at humps is higher during daylight. (IV) Speed at humps is lower when luminance (visibility) of the humps is greater. (V) The road environment of speed humps is perceived as being similar by drivers.
Materials and Methods
This study investigated vehicle speed at four different locations (one control and three hump locations), using fixed radar equipment, during daylight and darkness (i.e., artificial LED road light) on a residential road with a posted speed limit of 30 km/h in a suburb of Stockholm. The speed humps were situated at different distances from LED road lights (58 W), giving different luminance levels for the oncoming traffic. The SED analysis was performed as an internet-based questionnaire based on digital photographs.
Site Description
The study area was Vreta Gårds väg, in Vretarna, which is a residential suburb of Stockholm. The road has a posted speed limit of 30 km/h and four speed humps at different distances from each other (Figure 1 ), one of which (situated between Humps 1 and 2) was not used for speed measurements. These speed humps are 6-8 m in length and 10 cm high and have squares (50 cm × 50 cm) of reflective paint in two rows in each direction (Figure 2 ). The distance between the control location and Hump 1 is approximately 106 m, between Humps 1 and 2, 186 m and between Humps 2 and 3, 168 m. The traffic along the road is mainly residential traffic, commuters going to work/school and residents driving to/from recreational activities. There is a school that is situated between Humps 1 and 2. At the time of measurements, the traffic flow on the road (in the period 4-10 November 2014) was 850-1100 vehicles per day.
Weather data (temperature at the road surface and precipitation type: none, rain, snow, or sleet) were collected from three automatic weather stations run by the Swedish Transport Administration, situated at 3, 4, and 5.6 km distance from Vreta Gårds väg, and mean values were calculated. During the measurement period, 4-15 November 2014, sunrise took place between 07:15 and 07:42, and sunset between 15:48 and 15:23. 
Experimental Design and Speed Measurements
The control location for speed measurements was located about 100 m before the first speed hump (see Figure 1) . Hump 1 had road lighting situated directly above the hump; Hump 2 had road lighting 18.4 m before and 4.9 m after the hump in the driving direction; and, Hump 3 had road lighting 5.4 m before and 19.4 m after the hump in the driving direction ( Figure 2 ). Radar equipment (Sierzega SR4) was installed to measure vehicle speed at the control location and at 5 m before the humps. The radar traffic measuring system has an inconspicuous design and can record every vehicle without disturbing the traffic. Measurements include length of the vehicle, safety margin to the vehicle in front, vehicle speed in two directions, and day and time of the recording. The SR4 records vehicle speed between 2-199 km/h with an accuracy of ±3%. The measurements started on 4 November 2014 and continued until the memory was full or the battery died. This occurred on 10 November at the control location and on 14-15 November at the humps. The average daily traffic at the control location (located at the entrance of the area and prior to the humps) was approximately 800 during the study period. 
The control location for speed measurements was located about 100 m before the first speed hump (see Figure 1 ). Hump 1 had road lighting situated directly above the hump; Hump 2 had road lighting 18.4 m before and 4.9 m after the hump in the driving direction; and, Hump 3 had road lighting 5.4 m before and 19.4 m after the hump in the driving direction ( Figure 2 ). Radar equipment (Sierzega SR4) was installed to measure vehicle speed at the control location and at 5 m before the humps. The radar traffic measuring system has an inconspicuous design and can record every vehicle without disturbing the traffic. Measurements include length of the vehicle, safety margin to the vehicle in front, vehicle speed in two directions, and day and time of the recording. The SR4 records vehicle speed between 2-199 km/h with an accuracy of ±3%. The measurements started on 4 November 2014 and continued until the memory was full or the battery died. This occurred on 10 November at the control location and on 14-15 November at the humps. The average daily traffic at the control location (located at the entrance of the area and prior to the humps) was approximately 800 during the study period.
Road Lighting and Light Measurements
The road lighting for the road consists of 8 m high street-light poles situated approximately 30 m apart, installed 2011/2012, and carrying Iridium2 LED (58 W) lights. Colour temperature of the light source is 4125 K and colour rendering index (CRI) is 78.2. The road lighting automatically turns off at sunrise and on at sunset and is regulated by a timer. The lighting operates with an automatic dimming schedule that is applied everywhere except on intersections. The lights are on at 100% effect except between 19:00-00:00 and 05:00-07:00, when the effect is 80%, and at night (00:00-05:00), when the effect is 50%. All of the locations in this study except Hump 2 had this dimming schedule applied during the study period.
Measurements of luminance were performed using an LMK Mobile Advanced imaging luminance photometer and LMK Labsoft laboratory software (Techno Team Bildverarbeitung GmbH, ver. 12.7.23). The LMK Mobile Advanced device is based on a Canon EOS 550D camera. Photos were taken at 10 m distance from the humps in the driving direction and at a height of 150 cm, with and without flashlights on the ground to mark the corners of the humps. LMK Labsoft was used to extract the measured data. Mean luminance was calculated for the whole hump area. LMK Mobile Advanced luminance measurements were calibrated against values of luminance from a Jeti Specbos 1201 spectro-radiometer measured against a white surface below the road light. The luminance measurements showed that mean luminance of the speed hump area was 0.93, 0.60 and 0.70 cd/m 2 for Humps 1, 2, and 3, respectively ( Figure 3 ). Luminance measurements were not included in statistical analyses but were used to describe the light environment and to evaluate visibility of humps in the discussion. 
Semantic Description of Environments
SED was used in combination with speed measurements and luminance to fully evaluate underlying differences between the hump environments. It was assumed that the road environment of each speed hump was perceived by drivers to be approximately similar, and therefore did not significantly influence how they experienced the road environment (measured by SED) or their driving behaviour (measured by speed).
To analyse whether the road environment of speed humps was perceived as similar by drivers, an SED analysis was carried out using an internet-based version of the SED involving photographs 
To analyse whether the road environment of speed humps was perceived as similar by drivers, an SED analysis was carried out using an internet-based version of the SED involving photographs of each hump (Figure 3 ). Forty participants were asked to complete a questionnaire assessing each one of the three environments. The items and methodology used in the questionnaire to calculate the eight dimensions followed Küller [30] . The humps were presented in three different orders of presentation (order 1 (Humps 1, 2, 3): n = 10, order 2 (Humps 3, 2, 1): n = 17, order 3 (Humps 2, 3, 1): n = 13).
Data Analyses
Prior to analyses, the speed data were checked for distribution patterns to ensure approximate normal distribution. Vehicle speed can be influenced by vehicles travelling in front. In this study, we ensured that vehicles were flowing freely by only using measurements that had headway >6 s. This is the minimum headway characterising free-flowing vehicles in urban areas in Sweden [31] .
To test hypotheses I-V, vehicle speed and its dependence on humps, daylight, and other factors were analysed by generalised linear models (GLM) testing all of the independent variables separately, jointly, and their interactions in all the possible combinations. Vehicle speed was always the dependent variable. Separate GLMs were conducted on different data subsets, as described below. Akaike's information criterion (AIC) was initially used for evaluating the quality of fit for the models, but the results indicated overfitting and therefore constant AIC (CAIC) was compared with AIC (see [32] ). In most cases, AIC showed signs of overfitting and CAIC showed signs of underfitting. We therefore decided to only test the models with the independent variables included as main effects to avoid overfitting (when using interactions between variables) since this could give rise to many false and spurious significances between speed and for example temperature variation. However, except for effects of speed humps between daylight and darkness where both AIC and CAIC showed the lowest values for a specific model. Independent variables were coded as: darkness and daylight (1 = darkness, 0 = daylight); road temperature (1 = above 4 • C, 0 = below 4 • C); and, precipitation type (0 = dry, no rain, 1 = wet road, rainy, 2 = snow or sleet). The road temperature was coded as a dummy variable for above and below 4 • C since there is an increased risk for slipperiness when temperature drops below 4 • C, which may modify driving behaviour. GLM settings were linear link function (GENLIN in SPSS), model effects type III, and Wald chi-square statistics. Maximum likelihood estimate was used for parameter estimation.
First, we tested whether vehicle speed (dependent variable) was lower during the hours of darkness at the control site by performing GLM with the independent variables daylight/darkness, road temperature, and precipitation type. Next, we investigated whether vehicle speed at the speed humps was lower during the hours of darkness than during daylight hours and in comparison with the control site. The data were analysed separately for darkness and daylight hours by GLM and included the independent factors: site (control or the three humps), road temperature, and precipitation type (coded as mentioned above). To investigate whether speed responses (dependent variable) to humps were different between the hours of darkness and daylight, we performed GLM on the data without including speed data from the control site. The independent variables were daylight/darkness, road temperature and precipitation type. Finally, we analysed whether speed responses to the humps were significantly different. Only the data measured at 100% road lighting were used in that analysis. The independent variables were hump (1,2,3), road temperature, and precipitation type.
To test for significant differences in SED between humps and/or order of presentation, ANOVA (analysis of variance) was performed on each dimension. The data from the questionnaire were checked for normal distribution by ensuring that the ratio between skewness/skewness standard error and curtosis/curtosis standard error was <5. For social status, log-transformation was used to meet the normal distribution criterion. Two-way ANOVA and the post-hoc Games-Howells pair-wise comparison test were employed to test the effects of humps and order of presentation in the questionnaire as main effects and their interaction effect.
All analyses were performed in IBM © SPSS © Statistics version 22 (22.0.0.1.).
Results
Vehicle speed at the control location was only slightly higher during daylight (30.1 km/h) than in the hours of darkness (29.8 km/h) ( Table 1 and Figure 4) . The 85th percentile for vehicle speed was found to be 36 km/h (Table 1 ). However, there was variation in mean speed depending on time of day, with particularly high vehicle speeds late in the evening and during the night (Figure 4) . A large variation in the total number of vehicles per hour during the study period was also found, for example, 20 and 32 vehicles, respectively, for the hours 05:00-05:59 and 06:00-06:59 and 636 vehicles for 18:00-18:59 (for more information, see Figure S1 in Supplementary Materials). Table 1 . Descriptive statistics on the speed (km/h) of free-flowing vehicles at the control location and at humps, divided by natural light conditions (daylight/darkness). n = number of vehicles, M = mean value, SD = standard deviation. 50th and 85th percentile speeds are also shown. 
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Discussion
This study showed that vehicle speed at the control location was negligibly higher in daylight than during the hours of darkness, but that the speed-reducing effect of humps was similar between daylight and darkness. The speed-reducing effect was significantly different between the hump that happened to have the lowest luminance (Hump 2) and the other two humps. However, this study could not reveal any significant differences in vehicle speed that are attributable to light conditions per se.
At the control location, driving speed was only slightly higher in daylight than during the hours of darkness, while the variation in speed was clearly higher during late night driving. No speed radar can accurately differentiate between speeds that differ by only 0.3 km/h, which was the difference that we found between daylight and darkness, so the speed difference can be considered to be negligible. Overall, mean values and the 50th percentile revealed that the speed was still around the posted speed limit during both daylight and darkness. However, speed at the 85th percentile (36 km/h) was high enough to justify speed-reducing measures along the road, where vulnerable road users may mix with vehicular traffic, in order to keep vehicle speeds at or below 30 km/h. The wide variation in vehicle speed during the hours of darkness can perhaps be explained by the influence of conditions affecting visibility, but also by human factors, such as drink-driving, i.e., factors known to cause an increased risk of night-time collisions. Furthermore, the driver composition may change at night-time, e.g., with an increased presence of young male drivers, who may drive faster [24] . In this study, we expect the traffic to be mainly residential, but cannot rule out the possibility of increased presence of young male drivers in night-time. It is difficult to compare mean vehicle speed with that reported in previous studies, since they often refer to roads with much higher posted speed limits (cf. [22] [23] [24] ).
Our results showed that the humps in this study had a mean speed-reducing effect of 20% compared with the posted speed limit during both daylight and darkness, but also that there were large differences in speed reduction between the three speed humps, resulting in a speed-reducing effect of 9-29% when compared with the posted speed limit. The speed-reducing effects of humps may vary between posted speed limits and site conditions and may also be limited in time and space. In this study, the bumps resulted in an 85th percentile of speed that was on average 29 km/h, as compared with 36 km/h for the 85th percentile at the control location. This can be interpreted as indicating that speed humps are an effective way of indirectly preventing fatal accidents by reducing speed. However, we measured vehicle speed at 5 m before the hump and it has been shown that speed-reducing effects take place 20-30 m before and after speed-reducing measures [4] . Therefore, we cannot rule out the possibility that speed acceleration took place after vehicles passed the humps, although speed humps are generally placed at several locations along the road in order to minimise acceleration effects in between (see Figure 1) .
The speed humps had differing speed-reducing effects, which could be due to luminance since the speed hump with the lowest luminance also showed the least speed-reducing effect. The speed hump resulting in the smallest speed-reducing effects (hump 2) had a light pole situated behind the raised hump and the illumination and visibility of the hump were therefore low for approaching drivers. Yet, it is unknown if these differences in vehicle speed are attributed to light conditions per se. In fact, the lack of difference in vehicle speed between daylight and darkness for hump 2 may indicate that the luminance of the hump was less important in controlling the speed and that it is possible that other factors, such as road geometry, may have a certain influence on the speed reduction. Furthermore, the location where the study took place is in a residential area, so we assume that most of the drivers passing the humps are familiar with the road and thus adapted their driving behaviour to the presence of the speed humps. However, it is likely that if you are unfamiliar with area, the luminance and visibility of the humps may be of higher importance for the speed-reducing effect.
Road lighting should be installed in a way that increases the visibility of speed-reducing measures for drivers and the luminance measurements in this study suggests that light poles should be placed directly above or in front of speed-reducing measures to increase their visibility. However, the hump that showed the largest speed-reduction effect between daylight and darkness did not have the highest luminance. If fact, vehicle speed responses to humps were not significantly different between daylight and darkness. Since darkness reduces visual performance a speed adjustment is required to compensate for the reduced reaction time, or else, the risk for traffic accidents will increase. However, similar to this study, other studies have also showed that vehicle speed tend to be similar during daylight and darkness [25, 26] , supporting the theory that drivers fail to compensate for their reduced visual recognition in low light and misjudge their visual ability [33] [34] [35] . Due to these circumstances, it is important to ensure that the road lighting increases the visual performance for the drivers.
The SED showed that perceived differences between the hump environments could not explain differences in driving behaviour between the humps and the originality for hump road environments was generally rated very low. Moreover, the road environment between humps was perceived as very similar. Thus, if there was any effect of the surrounding environments on driving behaviour, it was not based on the perceived environmental differences, but other factors. One such other factor could be the distance to an intersection or the geometric design. Hump 2 was closest to an intersection (the intersection was located after the hump) and showed greater speed responses. However, if the intersection had affected driving behaviour, vehicles would have been expected to drive more slowly to prepare for turning or to allow for oncoming turning vehicles. This was not the case.
Another difficulty in analysing the effects of speed humps is that speed data are influenced by confounding effects from the road environment, traffic volume, and traffic patterns. While only free-flowing vehicles were included in the speed data in this study, which excluded some effects of the traffic volume, there might still be effects of traffic patterns. This is due to different driving patterns arising in vehicle clusters and because driving habits can vary between different times of the day. In this study, there were no significant differences between daylight and darkness, but differences in driving patterns between daylight and darkness have been shown in other studies, where a higher speed during the hours of darkness was attributed to a switch to faster drivers at night, simultaneously with a decrease in the proportion of slower drivers [23, 24] . The speed measurements in the present study showed signs of faster driving during the hours of darkness, but there were small differences between the mean values of speed in daylight and darkness, supporting that the speed differences are rather negligible.
Further studies under more controlled circumstances are needed to control for the effects of the geometrical design and driving patterns at different times of the day, and to determine before/after effects of installing speed humps. The control location and humps were situated along the same residential road in the present study. In future work, the humps should be moved to rule out the effects of the longitudinal interval between consecutive humps. Various distances between road lighting and the speed-reducing measures should also be examined, since pole spacing in practice can vary much (e.g., 20-35 m on residential roads) when compared to that tested in this study (~30 m).
Conclusions
Speed humps reduced driving speed by 20% as compared with a control location. Speed hump effect was not significantly different between daylight and darkness. The speed reduction for three different speed humps varied between 9% and 29%. In this study, the LED road lighting that was placed directly above or in front of the hump achieved the highest luminance.
Supplementary Materials: The following are available online at http://www.mdpi.com/2313-576X/4/1/10/s1, Figure S1 : The total number of vehicles summed up per hour at the control location.
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